Layer magnets have recently received substantial attention. Although several classical spin-exchange mechanisms were already established for covalent or metallic solids, that for non-covalent interlayer interactions of layered magnets is yet to be revealed. Here, we proposed an interlayer double super-exchange (DSE) mechanism and found a Bethe-Slater-curve (BSC) like behavior with varying interlayer distance based on our first-principles calculation results of a CrSe2 bilayers. The BSC-like behavior offers an interlayer-distance-dependent anti-ferromagnetic (AFM) to ferromagnetic (FM) transition while AFM and FM are preferred at shorter and longer distances, respectively. This phenomenon is explained with the DSE mechanism that two spin-polarized electrons of two interlayer Cr atoms virtually hop through two interfacial Se atoms to an interlayer effective site formed by significantly overlapped interlayer wavefunctions. Pauli repulsion prefers to these two electrons being oriented anti-parallel, in other words, an AFM state. This BSC-like behavior is observable for CrS2 and CrTe2 bilayers while their equilibrium distances fall into the FM and AFM regions, respectively, which is a result of competition between the Pauli and Coulomb repulsions. All these results open a new route to tune interlayer magnetism and the proposed DSE is a paramount addition to those previously established spin-exchange mechanisms.
Ⅰ. Introduction
Two-dimensional (2D) magnetism has received increasing attention after demonstrations of ferromagnetism (FM) in 2D layers [1] [2] [3] [4] [5] [6] [7] . Each magnetic few-layers consists of covalently strong-bonded layers and much weaker inter-layer non-covalent, e.g. van der Waals (vdW), interactions governed ``vdW gaps", which show even interesting and mysterious behaviors 2, [8] [9] [10] . Bilayer CrI3 is one of the most popular magnetic few-layers, in which local magnetic moments (3.28 μB/Cr) 10 form an intralayer FM order below 45 K 2, 8 . However, its interlayer magnetic coupling is variable between FM and anti-ferromagnetism (AFM) depending on the local geometry, highlighting the importance of interlayer magnetic couplings in 2D magnets 8, 10 . There are numbers of previously well-established coupling mechanisms for classic magnetism, e.g. super-exchange in a linear (AFM) 11 and a perpendicular (FM) 12 configurations, double exchange (FM) 13, 14 , direct exchange (AFM/FM) 15, 16 and RKKY interactions (AFM/FM) [17] [18] [19] [20] . They are mostly on the basis of covalent and/or metallic bonds for interatomic bonding, while those for non-covalent interactions at the vdW gaps are still lack of knowledge and yet to be unveiled.
Strengths of interlayer energetic and electronic interactions at the vdW gaps were previously thought rather weak but were recently found to be variable. Covalent-like quasi-bonding (CLQB) 9, [21] [22] [23] [24] [25] , a combination of vdW attraction and interlayer wavefunction hybridization resulted from Pauli repulsion, is a peculiar form of interlayer interactions, the strength of which is small in energy (roughly 10~100 meV/atom) 9, 22, 23, 25 but is significant for varying electronic structures and related properties (up to 1 eV) 9, [21] [22] [23] [24] [25] . Charge redistribution induced by CLQB is rather small at the vdW gap of a CrI3 bilayer 10 in comparison with other bilayers like BP 21, 22 , Te 23, 26 , PtSe2 24 , PtS2 25 and CrS2 9 , suggesting a weak CLQB of the CrI3 bilayer. It is exceptional that such weak CLQB could even appreciably affect the interlayer magnetism through direct exchange between two interlayer I atom separated by 4.20 Å 10 . A question then arises -how does strong CLQB affect the interlayer magnetism and 3 if there are any generalized mechanism for such non-covalent interactions?
In a previous work, we found bilayer CrS2 is an intralayer and interlayer ferromagnet with strong CLQB 9 , while CrSe2 27, 28 , an analogue of CrS2, appears better synthetic feasibility. Here, we report a comprehensive and careful investigation of the magnetic couplings of bilayer CrSe2 and compared these results with those of CrS2 and CrTe2 bilayers using density functional theory calculations. We found the CrSe2 bilayer is not a trivial analogue of CrS2. In particular, strong CLQB induces sharing charges between two interlayer Se atoms, which leads to an effective site (ES) of electron hopping. This
ES, together with two Cr sites and two intermediate Se sites, is involved in a proposed
``double super-exchange" (DSE) mechanism for understating interlayer magnetism at vdW gaps. The interlayer magnetism prefers AFM at the equilibrium interlayer distance through the DSE coupling; this is explained with the Pauli Exclusion Principle. If the interlayer distance elongates, the Pauli repulsion at the ES weakens and the interlayer FM thus comes to be more energetically favored, which yields a Bethe-Slater curve [29] [30] [31] [32] [33] [34] [35] [36] like behavior with a critical distance of 2.9 times the covalent radius of Se atoms.
Either CrS2 or CrTe2 bilayer also offers a BSC-like behavior, while their equilibrium interlayer distances fall into the FM and AFM regimes, respectively. These results indicate the generality of our findings for chromium dichalcogenides and suggest that the proposed DSE mechanism is a crucial addition to those previously established mechanisms.
Ⅱ. Computational details
Our density functional theory calculations were performed using the generalized gradient approximation and the projector augmented wave method 37, 38 as implemented in the Vienna ab-initio simulation package (VASP) 39, 40 . The uniform Monkhorst-Pack k mesh of 15151 was adopted for integration over Brillouin zone. An 1 × √3
orthorhombic supercell was used to show the stripe antiferromagnetic order in monolayer CrSe2, with the k mesh of 16101 was adopted respectively. A plane-wave 4 cutoff energy of 700 eV was used for structural relaxation and electronic structures. A sufficiently larger distance of c > 15 Å along out-of-plane direction was adopted to eliminate interaction between each layer. Dispersion correction was made at the van der Waals density functional (vdW-DF) level [41] [42] [43] , with the optB86b functional for the exchange potential, which was proved to be accurate in describing the structural properties of layered materials 21-23, 25, 44, 45 and was adopted for structure related calculations. All atoms were allowed to relax until the residual force per atom was less than 0.01 eV/ Å.
For energy comparisons among different magnetic configurations, we used the Perdew-Burke-Ernzerhof (PBE) 46 and Heyd-Scuseria-Ernzerhof (HSE) functionals 47, 48 , with the inclusion of spin-orbit coupling (SOC), based on the vdW-DF revealed structures. These results were also double checked with the density dependent dispersion corrected PBE functional (PBE-dDsC) 49, 50 and the pair-wise potential corrected PBE functional in the Grimme zero damping D3 form (PBE-D3) 51 . A planewave cutoff energy of 600 eV was used for energy calculations. On-site Coulomb interaction energies to the Cr d orbitals were self-consistently calculated with a linear response method 52 . This calculation reveals U = 4.5 eV and J = 0.6 eV for CrSe2 (4.6 eV and 0.6 eV for CrS2, 4.4 eV and 0.6 eV for CrTe2, respectively), which were used in our calculations. The relative AFM-FM energies with U dependence were also examined in a U value range from 2.0 eV to 6.0 eV.
A Heisenberg model was used to model the magnetism of the bilayer,
which includes two in-plane spin-exchange interactions, i.e. J1 (red) and J2 (green)
corresponding to lattice constants a and b, respectively, and three interlayer ones, i.e.
J3 (green), J4 (violet) and J5 (red), respectively as displayed in Fig. 1a and 1c . The expression of magnetic interaction contributing energy in different magnetic orders in unit cell is displayed in Figure S1 . 5 All calculations of comparing interlayer FM and AFM energies were done with the structure relaxed with the interlayer FM magnetic configuration, unless otherwise noted, in order to avoid the energy difference caused by structural difference. The BSC-like behavior and the interlayer AFM-FM transition were also double checked with interlayer AFM configuration, which yields the qualitatively same results. To calculate the energy differences between interlayer AFM and FM states ( AFM − FM ) under different interlayer X-X distances (X= S, Se and Te), the magnetic configuration and the in-plane structure will do not appreciably change when the interlayer distance changes. A CrSe2 monolayer takes a hexagonal 1T structure with a space group of P-3M1 (Fig. 1a) . Its FM order is meta-stable and the magnetic supercell is in 1 × 1 with an optimized lattice constant of a=3.42 Å (see Table 1 and Table S1 ). The groundstate is, however, a striped AFM (sAFM) order, thus the 1 × 1 supercell undergoes a symmetry breaking and the magnetic unit-cell degrades to an 1 × √3 orthorhombic one with slightly expanded a of 3.50 Å and largely shrank b of 5.63 Å (see Table 1 and Table S1 ). As shown in Table 1 A small amount of charge accumulation is observable at the interlayer region for both spin-up and spin-down. In terms of the FM configuration, however, interlayer charge accumulation is only observed for spin-up ( Fig. 2f ) while the spin-down component solely shows charge reduction ( Fig. 2g) , suggesting appreciable spin-dependent charge sharing at the interlayer region of the bilayer. All these charge sharing behaviors are predictable from the view point of our previously proposed covalent-like quasi-bonding 9, 21-25 , a result of wavefunction overlap and hybridization forced by dispersion attraction at vdW gaps. After forming the bilayer, eg electrons of Cr cations transfer to t2g states for the both spin components 9 and the both magnetic configurations, enlarging the averaged local magnetic moment of Cr from 3.09 (monolayer) to 3.11 μ B (bilayer), see Table 1 ; this thus favors the intralayer FM order through the double-exchange mechanism, as previously found in the CrS2 bilayer 9 .
III. Results and discussions
Similar eg to t2g charge transfers for the FM and AFM configurations aside, an essential difference between these two configurations lies in the accumulated charge at the interlayer region. While only spin-up charges are shared at the interlayer region for We further analyzed spin densities for both interlayer AFM and FM configurations ( Fig. 2d and 2h ) to get deeper insight into the coupling mechanism. All charge densities of all interlayer Se atoms are polarized in spin-up (red) and spin-down (green)
for the top and bottom layers of the AFM configuration (Fig. 2d) , respectively. These two spin densities in the AFM configuration significantly overlap, suggesting the charge sharing of both spins occurring at largely superposed regions. However, those are only spin-down polarized in the interlayer FM configuration. As suggested by Fig.   2h , spin-down electrons of Se atoms from the both layers appear majority at the interlayer region, however, the interlayer charge sharing was found for spin-up electrons, which we explain as follows. For simplicity, we consider the two approaching Principle and is thus energetically favored. We name this mechanism as ``double superexchange" since polarized Cr electrons jumps twice from the Cr_top and Cr_bot, respectively, through super-exchange to fill the ES (Fig. 2e) . In short, the nearly linear interlayer exchange is AFM and appears to dominate, which is highly consistent with the derived largest interlayer spin-exchange coupling parameter of J5 for AFM (Fig. 1c and Table 1 ). Other weaker channels, e.g. J3 and J4 are nearly orthorhombic (Fig. 1c) , which suggests two virtual orbitals of the ES are involved in the interlayer exchange; Full distance dependent calculations were thus carried out to verify our inferred transition, in which a Bethe-Slater curve (BSC) [29] [30] [31] [32] [33] [34] [35] [36] like behavior was found at the vdW gaps. Here, the distance (dSe-Se) was chosen as the nearest interlayer Se…Se bond length as depicted in the inset of Fig. 3a . Figure 3a plots (Fig. S2) . Variation of the on-site U energy is expected to drastically change such transition distance since the transition is a result of Pauli repulsion, the energy of which is highly relevant with electron localization and change of kinetic energy. A larger U value more localizes Cr d and its polarizing Se p electrons, which gives rise to larger local magnetic moments, stronger Pauli repulsion at thus more favored interlayer AFM. This conjecture is confirmed by the U dependence of FM-AFM energy differences as a function of dSe-Se shown in Fig. 3b and the U dependent magnetic moments summarized in AFM to FM transition is unlikely with a U value larger than 5 eV. Even though the transition appears sensitive to the U value, the value adopted in our calculations was self-consistently derived with a linear-response method. In addition, the transition was also confirmed by the HSE06 functional, a functional that is usually believed to better predict magnetic properties than DFT+U methods. Given these results and previous discussion in the literature that standard DFT tends to delocalize electrons 55, 56 , we are thus confidence to claim the found BSE-like behavior in the CrSe2 bilayer.
Within the derivation of all these results and statements, we never used any property that Se specifically offers, which means this BSC-like behavior is, most likely, general for Cr chalcogenides. We thus calculated the AFM-FM energy difference for
CrS2 and CrTe2 as a function of distance. Table S5 ). The transition distance of 2.74 Å for CrS2 is rather small, 0.46 Å shorter than its equilibrium distance of 3.20 Å, while its equilibrium distance nearly yields the largest energy difference, consistent with the previously found strong interlayer FM coupling in the CrS2 bilayer. In terms of CrTe2, its transition distance is 4.20 Å, much larger than its equilibrium distance of 3.62 Å, implying the interlayer AFM in a broad spectrum of distance. We noticed that CrTe2 components often show structural distortions and break a rotation symmetry to form a 1T' or 1T-d phase. Our calculation results presented here do not mean the interlayer coupling of CrTe2 should be AFM, but indicate the found BSC-like behavior is general to Chromium chalcogenides.
When two CrX2 layers approach together under vdW attractions, there are two, i.e.
14 Pauli and Coulomb, repulsive interactions to balance the vdW attractions. The Pauli repulsion is a pure quantum result of electron degeneracy, which is more significant at shorter distances where substantial wavefunction overlap occurs, while the Coulomb repulsion of electrons is a long-range interaction, more pronounced at longer distances.
The strengths of these two repulsions could be quantitively evaluated by the ratios of the equilibrium interlayer X-X distance (RE) and the AFM-FM transition distance (RT)
versus the sum of covalent radii ( Fig. 3d and Table S6 ). The S atom has the largest valence electron density because of its smallest atomic and covalent radii among the S, 
